Serum concentrations of PBDEs were measured using gas chromatography-tandem mass spectrometry in 80 children aged 15-71 months. Demographic and behavioral data were collected on parental questionnaires; a research nurse recorded anthropometric measures and insurance status. For a subset of children (n=17), PBDEs were measured in house dust and child handwipes sampled during a home visit. In linear and Tobit regression, log-transformed PBDE congeners were modeled as a function of child characteristics, including neighborhood-level socioeconomic indicators. BDE congeners 47, 99, and 100 were highly correlated and summed for analysis; BDE-153 was examined individually. PBDE serum concentrations were associated with socioeconomic factors; for example, a $20,000 increase in median household income in a child's ZIP code was associated with a 34% decrease (95%CI=14-49%) in BDE-153 and a 26% decrease (95%CI=6-42%) in ΣBDE-47,-99,-100. Lower body-mass index (BMI) z-score and household smoking were strong predictors of higher BDE-153 levels. Among children who participated in a home visit, serum PBDE was positively correlated with handwipe PBDE (Spearman r ΣBDE-47,-99,-100 = 0.48, p=0.09), but not dust PBDE. Results indicate socioeconomic factors and BMI are strong predictors of serum PBDE levels among young children. PBDEs measured on handwipes are more predictive of serum PBDE levels than vacuum-collected dust.
Introduction
Polybrominated diphenyl ethers (PBDEs) are chemical flame retardants added to a wide range of consumer products including furniture foam, plastics, electronics, and textiles. They have been phased out of production and import in the United States (pentaPBDE and octaPBDE formulations as of 2004 and decaPBDE as of 2013). 1 However, their persistence, lack of chemical bonding to the products containing them, and the long useful lives of such products lead to their continued presence in house dust, the major route of human exposure. 2 Serum levels of these compounds are an order of magnitude higher in the United States and Canada compared to other countries 3, 4 , likely due to historically strict flammability standards. 5 There is concern about the impact of these chemicals on human health due to their structural similarity to thyroid hormones (e.g., thyroxine) 6 and evidence of developmental neurotoxicity in human and animal studies. 7 An analysis of 2420 pooled serum sampled collected from children across the age spectrum in Australia showed PBDE concentrations peak in 2-5 year old children, with average levels among 2-3 year-olds being five times as high as adults over age 30. 8 This observation was consistent with a smaller study of mothers and their 1. year old children in the United States. 9 The high serum levels among young children are likely due to higher dust ingestion rates in early life due to hand-to-mouth behaviors. 10 Exposures in this age group are of particular concern due to the importance of thyroid function to neurodevelopment in early life. 11 More recently, among 300 Texas children 0-13 years, serum concentrations were highest in the 4-6 year age group prompting the authors to call for additional studies to characterize young children's exposure to PBDEs and to identify factors that contribute to these high exposures. 12 We conducted a study to investigate predictors of PBDE serum levels among children age 15-71 months (1-<6 years), ages corresponding with peak PBDE serum levels and a life stage of intensive neurodevelopment and growth. We included a socioeconomically and racially diverse study population to investigate possible disparities in exposure specifically in this age group. In a subgroup of our study population we also investigated relationships between PBDE serum levels and vacuum-collected house dust samples and dust collected on child handwipes.
Materials and Methods

Study population
To avoid the discomfort and anxiety of a blood draw among young children, we enrolled children who would be under general anesthesia while undergoing one or more of the following routine procedures: myringotomy (ear tube surgery), adenoidectomy, or tonsillectomy. Children were healthy at the time of surgery. Enrollment took place from June 2011 through February 2012, and informed consent was obtained from a parent on the day of surgery. Study protocols were approved by the Institutional Review Board at Emory University. Eligible children were 15 months to 71 months old (<6 years), born in the United States, without any current illness or underlying health condition, and not taking current medications known to affect endocrine function.
After consenting, parents completed a short questionnaire, which included information about the child's age, race and ethnicity (non-Hispanic white; non-Hispanic black; other: Asian, Pacific Islander, Multiracial, and any Hispanic ethnicity), breastfeeding history and duration, medications, parental occupations, smokers in the household, and residential address. A research nurse recorded the child's height and weight and the insurance provider listed as the payer for the child's surgery. The child's residential ZIP code was linked to ZCTAs (ZIP code tabulation areas) from the American Community Survey for the 5 year average for 2007-2011 13 to obtain the percent of households living in poverty and the median household income in the ZIP code of the child's residence.
Body mass index (BMI) was calculated for each child from height and weight and converted to an age-and sex-specific z-score for analysis because the distribution of BMI varies dramatically by age in early life. We used the U.S. national standard from the Centers for Disease Control and Prevention 14 and the available CDC SAS program 15 to calculate BMI z-scores for children who were at least 24 months. Because the CDC reference does not provide BMI z-scores below 24 months of age, we used the World Health Organization BMI distributions 16 to impute the BMI z-score for children under age 24 months (n=10) based on the difference between the CDC and WHO z-scores at 24 months.
Serum PBDE Quantification
After the surgical procedure(s) and while the child was still under general anesthesia, the study nurse drew at most 15 mL of venous blood in two serum separator Vacutainer® tubes (average =10 mL). The blood samples were transported next door to the Rollins School of Public Health on the day of collection and were manually inverted, allowed to clot for 60 minutes, and then centrifuged (Thermo Scientific®; IEC Medispin) for 30 minutes at 3000 rpm to separate the serum from the whole blood sample. The serum was then aliquoted into two freezer-safe storage vials, one for PBDE analysis and one for thyroid hormone analysis. The serum samples were stored at -20°C.
Prepared serum samples were analyzed for seven PBDE congeners (BDE-47,-85,-99,-100,-153,-154, and -209) using gas chromatography-tandem mass spectrometry (GS-MS/MS) or GC-MS (only for BDE-209) at the Laboratory for Exposure Assessment and Method Development in Environmental Research (LEADER) at Emory University's Rollins School of Public Health (Agilent Technologies; 7000 GC/MS Triple Quad). The serum PBDE extraction method was developed based on three previous methods reported in the literature and further refined to optimize extraction recovery and analytic precision. [17] [18] [19] For analysis of the targeted congeners, a 1-mL aliquot of each serum sample was spiked with a known concentration of isotopically labeled PBDEs, deproteinated with the addition of formic acid, and thoroughly mixed. Each sample was then extracted twice with 5 mL hexane and passed through a self-packed silica/acidified-silica cartridge to remove residual fats. Breakthrough was collected and cartridges were then eluted with 10 mL of a 1:19 dichloromethane:hexane solution and collected. This extractant (breakthrough plus eluate) was dried and reconstituted in 50 μL of toluene prior to instrumental analysis.
Extracted samples were analyzed using GC-MS/MS with electron impact ionization in the multiple reaction monitoring mode with one quantification and one confirmation parent-to-product ion pair monitored for each analyte, except for PBDE-209 which was analyzed using the selected ion monitoring mode (SIM). Quantification was performed using isotope dilution calibration covering concentration ranges of 5, 10, 20, 50, 100, 200, 500 ng/mL for BDE-209 and 0.2, 0.5, 1, 2.5, 5, 10, 25, 50 ng/mL for all other congeners. In each analytical run, a laboratory background sample (non-fortified pooled human serum), a solvent-based calibration curve, and two quality control (QC) samples [pooled human serum fortified at two levels (40 ng/mL and 200 ng/mL, for PBDE-209; 1 ng/mL and 25 ng/mL, for all other congeners)] were prepared and analyzed concurrently with unknown samples.
For each congener, values (shown in Table 1 ) greater than the amount measured in blanks or the lowest standard and a signal-to-noise ratio of greater than 3 were considered above the method limit of detection (LOD). Using data from QC samples, method accuracy was within 100±20% at both fortified levels for most compounds with the exception of BDE-100 at the lower fortified concentration (78%) and method precision was less than 8% as determined by relative standard deviation. For a peak to be identified as one of our target analytes, it had to co-elute with its isotopically labeled internal standard (differentiated by mass), have ions within 20% of the theoretical ion ratio for naturally occurring isotopes of bromine, and have the correct quantification and confirmation.
Total lipid analysis
Total serum triglyceride content was measured using the BioVision Triglyceride Quantification Assay Kit (BioVision Research Products; Mountain View, CA), and total cholesterol content was measured using the Cayman Cholesterol Assay Kit (Cayman Chemical Company; Ann Arbor, MI) according to manufacturer instructions. Total lipids were calculated using conventional methods based on these individual lipid components. 20
Dust and Handwipe Collection
A subset of the participants were contacted after their surgical appointment to participate in a home visit for collection of house dust from the child's primary residence. Parents were contacted by phone and offered a $25 gift card for participating. Collection of child handwipes was not included in the original study protocol, but was added soon after the study began, in response to emerging findings. 21, 22 Prior to the home visit, participants were asked to refrain from vacuuming so there would be enough dust volume to collect. Parents identified the room in which the child spent the most time awake and this room was sampled. Using a solvent-cleaned high volume small surface sampler (HVS3) vacuum (CS3 Inc.; Bend, OR) and solvent-cleaned Teflon® catch bottle, a 1 m 2 area of floor was sampled according to a standard operating procedure; if sufficient volume was not obtained, a second 1m 3 area was sampled. Samples were transported to the LEADER laboratory the same day they were collected and were processed within 7 days of sampling. Dust samples were sieved twice to a particle size of less than 250 μm and stored at room temperature in a solvent-cleaned amber jar until analysis.
Handwipes were collected from the child at the same home visit, and prior to the visit parents were asked to prevent their children from washing their hands. The child's hands were wiped up to the wrist with a sterile gauze pad that had been soaked in isopropyl alcohol, one pad per hand. 21, 22 The two gauze wipes were combined in a solvent-cleaned brown amber jar and stored at room temperature until analysis.
Dust and Handwipe PBDE Quantification
Dust sample preparation was based on a modification of Król et al. 23 PBDEs were extracted from dust using accelerated solvent extraction (ASE) and a clean-up method to remove contaminants prior to analysis. Dust samples (50 mg mixed with purified diatomaceous earth) were placed into the ASE cells and then spiked with a known amount of isotopically labelled internal standards. The samples were extracted in duplicate using the ASE 350 (Dionex; Sunnyvale, CA) system at 1500 psi using 2 static extraction cycles of 10% dichloromethane in hexane. The extractant was dried and reconstituted in 50 μL of toluene prior to instrumental analysis.
Handwipes were extracted using a method modified from Stapleton et al. 24 Handwipes were spiked with internal standard and sonicated in 30 mL of dichloromethane a total of 3 times. Extracts were combined, dried, reconstituted with 2 mL hexane, and cleaned using preconditioned 500 mg/3 mL SupelClean ENVIFlorisil SPE cartridges (Sigma-Aldrich, St. Louis, MO). The extract was dried and reconstituted in 50 μL toluene prior to instrumental analysis.
All dust and handwipe samples were analyzed for seven congeners (BDE-47,-85,-99,-100,-153,-154, and -209) using gas chromatography/mass selective detection (GC/MSD) in house (Agilent Technologies; 5975 GC/MSD System). The GC/MSD was operated using electron impact ionization and in SIM mode. Blanks and QC samples were included with each run. The QC solutions were made in hexane at 100 ng/mL and 300 ng/mL, respectively, for BDE-47,-85,-99,-100,-153, and -154. For BDE-209 only one QC solution at 150 ng/mL was used. 100 uL of these solutions was used to prepare the QC samples for each analytical run.
For quantification, a solvent-based calibration curve was included. For BDE-47,-85,-99,-100,-153, and -154, the concentrations were 0.1, 0.25, 0.5, 1.25, 2.5, 12.5, 35, and 37.5 ng (per handwipe or gram dust). For PBDE-209, the concentrations were 5, 10, 20, 50, 100, 200, 500 ng (per handwipe or gram dust). Method accuracy was within 100±20%. Method precision was less than 15%, as determined by relative standard deviation. The LODs derived from the standard calibration curves are expressed in ng/wipe for handwipes and ng/gram for dust samples in Table 1 . PBDE concentrations were blank subtracted and duplicates were averaged.
Statistical Analysis
Based on the detection frequencies and covariation of the congeners measured in our study as well as previous work showing differences in the predictors of serum BDE-47, -99, -100 versus serum BDE-153, 22, 25 we separately assessed predictors of BDE-153 and predictors of the sum of the three congeners BDE-47, -99, -100 (ΣBDE 3 ); where BDE-100 was less than the LOD, the LOD/√2 was substituted for calculation of the sum. We assessed predictors of serum PBDE concentrations using linear regression to model serum concentrations of the left-censored nature of BDE-153 serum values, 26 for which 36% of samples were below the limit of detection. 26, 27 Standard errors from Tobit models incorporate the uncertainty due to the LOD. 27 Serum concentrations were natural log-transformed due to their skewed distribution, and modeled on the volume basis (ng/mL) adjusting for lipid concentrations as a covariate; lipids were also natural log-transformed to correspond to the serum PBDE dependent variable. For the home visit subset, Spearman correlation coefficients were calculated between (a) serum PBDE concentrations (ng/mL) and house dust PBDE concentrations (ng/g) and (b) serum PBDE concentrations (ng/mL) and handwipe PBDE concentrations (ng/wipe). Sensitivity analyses included using generalized estimating equations to account for the two sets of siblings; analyzing serum BDE-153 levels in linear regression with observations below the LOD imputed as the LOD divided by √2; and modeling serum PBDE concentrations on the lipid basis (ng/g) instead of adjusting for lipids as a covariate. All analyses were conducted in SAS Version 9.4 (SAS, Cary, NC).
Results
Of 95 parents approached to have their children participate in the study, 89 (94%) initially consented to participate in the study, including two pairs of siblings. Nine children were excluded because: child was too dehydrated to draw sufficient blood (n=5), failure to return survey (n=2), outside age eligibility (n=1), and an unresolvable quality control issue with PBDE analysis in the serum sample (n=1). Characteristics of the analyzed study population are shown in Table 2 along with the geometric mean (GM) serum concentration of BDE-47 and BDE-153 for each group (arithmetic means shown for lipids). The most common race of study participants was black (41%) and 64% were enrolled in Medicaid. More than half of the study population was 2 or 3 years old (54%). Geometric mean BDE-47 and BDE-153 serum levels were highest among children living in ZIP codes with high poverty or low median household income, children with low BMI, children living in a household with active smokers (particularly for BDE-153) and black children. Table 1 shows the distribution of PBDE concentrations by congeners and for the sum of congeners BDE-47, BDE-99 and BDE-100 (ΣBDE 3 ), which were the most frequently detected (BDE-47 and BDE-99 detected in 100%). BDE-209 was not detected above the LOD in any of the serum samples; however, the LOD was much higher for BDE-209 than other congeners. The distribution of PBDE serum levels was right-skewed with children with the highest serum PBDE concentrations two orders of magnitude higher than the children with the lowest exposures. Table S1 in the Supporting Information shows the correlations between the commonly detected congeners. BDE-47, -99 and -100 were highly correlated with each other (r>0.7), and were also positively correlated with BDE-153 to a lesser degree(r=0.4-0.6).
There were 32 participant households who met the eligibility criteria for the dust collection arm of the study (residence within 30 miles of Emory University, provided a contact phone number on the survey, and had English speaking ability). Of these, 10 could not be contacted, 7 were contacted and declined participation, and 15 successfully completed the house dust collection protocol. Two houses included siblings, resulting in 17 children with available house dust samples, and 13 with handwipes. Median time between blood draw and dust sampling was 33 days, and no children had changed residences between blood draw and house dust sampling.
The detection frequencies and distribution of PBDE concentrations collected in house dust (in ng/g dust) and from child handwipes (in ng/wipe) are shown in Table 3 . In contrast to the serum samples, BDE-209 was detected in all of the dust and hand wipe samples, and had the largest geometric mean measured on hand wipes; in dust samples, concentrations of BDE-47, -99, and -100 showed the highest levels per gram dust. Like serum levels, PBDE concentrations in dust and on hand wipes were highly right-skewed. Figure 1 shows dust and hand wipe concentrations plotted against serum levels for the 17 children with dust samples and the 13 children with handwipes. The strongest correlation observed was between serum and handwipe concentrations for ΣBDE-47, -99, and -100 (r=0.48). In contrast to results for ΣBDE 3 , reported household smoking was associated with a doubling of BDE-153 serum concentrations (95% CI=28-237%), and a one unit increase in BMI z-score was associated with a 23% decrease in concentrations (95% CI=12-33%, p<0.001). This inverse relationship between serum BDE-153 and BMI z-score is shown in Figure 2 . In adjusted BDE-153 models there was little evidence that females had higher BDE-153 serum concentrations, but there was suggestion that longer breastfeeding duration predicted higher BDE-153 levels, with a 3% increase per reported month of duration (95% CI= 0-7%, p=0.086). Sensitivity analyses for serum BDE-153 imputing LOD/√2 for observations below the LOD in linear regression analyses yielded identical conclusions (Supporting Information, Table S2 ), and in our sensitivity analysis excluding children less than 24 months of age, BMI z-score remained a strong predictor of lower BDE-153 concentrations (p<0.001). This BMI result was also robust to exclusion of outlier BMI zscores (<-2.5 or >2.5). Modeling PBDEs on the lipid basis (instead of controlling for them in the model), and using generalized estimating equations to account for correlation between siblings (or excluding one of each sibling pair) had no impact on the results (data not shown).
Discussion
In this study we assessed predictors of PBDE serum levels among 1-5 year-old children in the United States, a population with some of the highest PBDE serum levels in the world due to extensive production and use of PBDEs in consumer products in the U.S. and hand-to mouth behaviors in the first years of life. In this socioeconomically diverse study population enrolled between 2011-2012, we observed higher PBDE serum levels among children living in neighborhoods with more poverty and lower median incomes and an inverse relationship between BMI and serum levels of BDE-153, a congener with one of the longer estimated half-lives. 28 Serum levels of BDE-153 were also positively associated with household smoking, and suggestively associated with breastfeeding duration. Results of our handwipe and dust substudy suggested stronger correlations between serum levels and handwipe concentrations compared to serum and vacuum-collected house dust concentrations.
Two previous studies investigated predictors of PBDE serum levels specifically among toddlers and preschool children in the United States: one among children with autism, developmental delays, and general population controls (n=94) aged 24 -60 months in California, 29 and another among children aged 12-36 months recruited through pediatric clinics in North Carolina (n=77). 22 There was evidence in both studies that maternal and/or paternal college education predicted lower PBDE levels, although in the North Carolina population higher maternal education was associated with higher BDE-153 serum levels.
However, in their study, breastfeeding duration was a strong predictor of BDE-153 and BDE-153 associations with maternal education and breastfeeding duration were not independent in multivariate models. Our results showing neighborhood environments of higher poverty and lower income predict higher PBDE serum levels adds evidence of socioeconomic disparities in PBDE exposure among young children. Our results suggesting enrollment in Medicaid predicts higher BDE-153 levels is also consistent with this pattern. Higher BDE-153 serum levels among children living in households with active smokers has not been previously reported to our knowledge. It is possible that household smoking is acting as a proxy of unmeasured individual-level socioeconomic factors not captured by insurance type. Alternatively smoking behaviors in the mother (e.g., hand-to-mouth behaviors) may directly affect PBDE levels in the child. In light of a previous report indicating PBDE levels in breast milk are higher among smokers 30 , our finding warrants further research on maternal smoking and infant and child PBDE exposure.
Our results showing significantly higher ΣBDE 3 among females contradict results from North Carolina, where male sex predicted higher ΣBDE 3 , tempering conclusions about sex as a predictor of PBDE serum levels among young children. In our study there was also suggestion of a positive association between breastfeeding duration and BDE-153, but not as strong as in the North Carolina population. 22 We note that extended breastfeeding was less common in our population with only 7.5% reporting breastfeeding for more than 12 months as compared with 34% in the North Carolina study population, and the oldest children in the North Carolina study were only 36 months, with less time on average elapsed since breastfeeding. Because of these population differences we might expect breastfeeding to contribute relatively less to measured serum BDE levels in our study population.
Differences in the predictors of serum ΣBDE 3 and BDE-153 may be explained by differences in pharmacokinetics between congeners. BDE-153 exhibits greater fat deposition in rats 31 and considerably longer estimated half-lives in humans than other congeners, 28 although precise estimates of half-lives of these compounds in human tissues remain a research need. The higher fat deposition of BDE-153 could explain the strong inverse association with BMI if more adipose tissue leads to more sequestration of these lipophilic compounds from the blood supply. The longer half-life could also explain the suggestive relationship between breastfeeding and BDE-153 but not ΣBDE 3 as the time elapsed since breastfeeding for most of our study population and shorter half-lives of BDE-47, -99 and -100 may preclude our ability to detect associations with breastfeeding for these congeners.
If the blood samples were obtained at an age when the child was breastfeeding, it is possible that a relationship with these congeners would be observed. By the same logic, the stronger correlation between serum levels and handwipe levels of ΣBDE 3 compared to BDE-153 could be due to the greater influence of past exposures on current serum levels for BDE-153, with serum ΣBDE 3 more influenced by recent exposures that are captured on a current handwipe. Based on the estimated half-lives, BDE-153 should be a better measure of lifetime cumulative exposures in this age group.
Our finding of a strong inverse association between BMI and serum levels of BDE-153 highlights the lack of equivalence between PBDE body burden and PBDE serum levels and the complexity of pharmacokinetic processes governing serum concentrations of lipophilic compounds in early childhood, a life stage of rapid growth and profound changes in body fat distribution. 14 Inverse associations between BMI and PBDE serum levels have been observed in previous cross-sectional studies of 7 year-old Latino children in California 24,32 and 6-8 year-old girls in Ohio and California. 33 In both of these study populations, associations were most evident for BDE-153 specifically. Our study provides new evidence of this relationship at the ages when serum levels of these compounds are greatest 8, 12 and BMI is rapidly changing. Our results can also be viewed as consistent with evidence in adults that recent weight gain reduces serum levels 34 , as all weight gain among these young children would have been relatively recent. It is possible that sequestration of these compounds into adipose tissue may render children with higher BMI less vulnerable to the effects of PBDEs. 35 However, we note that PBDEs stored in adipose tissue may have other impacts, and lead to mobilization of these compounds into circulation and bioavailability at later life stages. 35 Although we were only able to collect house dust samples and handwipes for a subset of our participants (n=17 and 13 respectively), our results are generally consistent with those of Stapleton et al., which showed higher correlations between serum and handwipe PBDEs than serum and vacuum-collected housedust PBDEs among toddlers. The estimated correlation (r) between serum ΣBDE 3 and hand wipe ΣBDE 3 of 0.48 is similar to the correlation of 0.59 estimated by Stapleton et al. among 77 toddlers 22 . It is challenging to obtain individual serum samples on young children for research purposes, and collection of handwipes offer a promising noninvasive approach to characterize personal exposure. The observed relationship between BMI and serum levels of BDE-153 also highlights that measured serum levels may not be a gold standard measure of ingested (or absorbed/ inhaled) PBDEs. A perfect correlation between ingested PBDEs and serum levels would not be expected because serum levels are a product of both ingestion of PBDEs and pharmacokinetic processing (e.g., metabolism, elimination, storage) that vary across individuals. Because external dose, serum concentrations, and body burden (i.e., the total sum of PBDEs in all body tissue, including adipose) are different conceptual targets for defining exposure in an epidemiologic study, the exposure measure of interest will vary depending on the study's hypothesis; for some study questions, handwipe PBDEs may be preferable to serum levels since they are unaffected by BMI and other individual characteristics.
It is noteworthy that all of the children in this study were born after the US phase-out in 2004 of the pentaBDE and octaBDE commercial formulations, the source of the congeners studied here except for BDE-209. 36 Despite this, children in our cohort had a geometric mean of 36.2 ng/g lipid for BDE-47, almost double the geometric mean of 20.5 ng/g lipid among the over-12 year U.S. population measured in 2003-2004 before the phase-out. 3 Geometric mean BDE-47 levels in our study (2011-2012) were comparable to similar-aged children in Texas in 2009, 12 but lower than California children in 2003-2005 (age 2-5 years) 29 and 2008-2009 (age <8 years) 37 and higher than North Carolina toddlers (age 1-3 years) in 2009-2011. 22 With two-thirds of our cohort enrolled in Medicaid, we speculate that our study population is on average of lower socioeconomic status than most previous studies. BDE-209, the major congener of decaPBDE, was not detected in any serum samples, which may reflect its much shorter estimated half-life of 15 days, 38 but may also reflect the high limit of detection for BDE-209 in our analysis. While BDE-209 was detected in all the dust and handwipe samples, unlike previous studies 21, 22 it was not the dominant congener in dust. Consistent with previous studies in children and adults in the United States, the distribution of PBDE serum levels in our study was skewed with certain individuals exhibiting serum levels orders of magnitude higher than others. 12 Anecdotally, the child in our study with the highest serum levels of PBDEs (626 ng/g lipid of BDE-47) had parents who reported being unemployed and a contact phone that was disconnected so a home visit could not be scheduled.
The strong relationship between socioeconomic environment and PBDE exposure also has implications for concern about confounding by SES in epidemiologic studies of PBDEs and neurodevelopment. Isolating the impact of PBDEs on global measures of neurological functioning such child behavior and intelligence is challenging because of concerns about residual confounding by socioeconomic factors that are difficult to quantify and adequately control in statistical models. Given that PBDEs have been phased out of production in new consumer products, but remain in older consumer products that tend to have long useful lives (e.g., furniture), socioeconomic disparities in PBDE exposures are likely to increase over time. Identification of specific mechanisms of effect on neurodevelopment in young children would complement emerging studies showing relationships between PBDE exposures and IQ, reading ability, and behavior, [39] [40] [41] and may be less vulnerable to residual confounding by socioeconomic factors than these more downstream measures of neurological function known to be impacted by poverty. For example, we recently reported associations between serum PBDEs and thyroid hormones, one possible mechanism of impacts on child neurodevelopment, in this same population. 42 While SES is strongly related to PBDE serum levels in our population, controlling for SES factors had no impact on estimated associations with thyroid parameters. Finally, we note that other flame retardant compounds, such as 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-TBB) and bis(2-ethylhexyl)-3,4,5,6-tetrabromophthalate (BEH-TEBP), two components of the Firemaster 550 mixture, were not measured in our study and may show different patterns of association with child characteristics. 43 The paucity of studies in this age group is likely due to the challenge in obtaining blood samples; we enrolled children undergoing myringotomy and related surgeries, which allowed us to obtain voluntary blood samples with a high participation rate (94%) in a socioeconomically diverse population. It is possible that the predictors of PBDE serum levels observed in this sample are not generalizable beyond the population of children receiving these surgical procedures. However, even if these results are only relevant to children receiving such surgeries this represents a large group; approximately 667,000 children under age 15 had myringotomy with tube insertion in the United States in 2006. 44 We have no a priori reason to expect that the conditions leading to these surgeries or the surgeries themselves would affect serum concentrations of persistent organic pollutants.
In summary, we observed evidence of association between PBDE serum concentrations and markers of SES, BMI and household smoking among 1-5 year-old children. Our results also add to the literature suggesting an association between BDE-153 and history of breastfeeding, and indicating that handwipes are more positively correlated with serum PBDE levels than housedust concentrations. These results have implications for confounding by socioeconomic factors in epidemiologic studies and highlight the complex pharmacokinetics of these lipophilic environmental contaminants in early life, a period of profound growth.
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